Abstract Landslides are one of the most relevant geohazards worldwide, causing direct and indirect costs and fatalities. Italy is one of the countries most affected by mass movements, and the Molise region, southern Italy, is known to be susceptible to erosional processes and landslides. In January 2003, a landslide in the municipality of Agnone, in the Colle Lapponi-Piano Ovetta (CL-PO) territory, occurred causing substantial damage to both structures and civil infrastructure. To investigate the evolution of the landslide-affected catchment over approximately one century, different data were taken into account: (i) literature information at the beginning of the twentieth century; (ii) historical sets of aerial optical photographs to analyse the geomorphological evolution from 1945 to 2003; (iii) SAR (Synthetic Aperture Radar) data from the ERS1/2, ENVISAT and COSMO-SkyMed satellites to monitor the displacement from 1992 to 2015; (iv) traditional measurements carried out through geological and geomorphological surveys, inclinometers and GPS campaigns to characterize the geological setting of the area; and (v) recent optical photographs of the catchment area to determine the enlargement of the landslide. Using the structure from motion technique, a 3D reconstruction of each set of historical aerial photographs was made to investigate the geomorphological evolution and to trace the boundary of the mass movements. As a result, the combination of multitemporal and multitechnique analysis of the evolution of the CL-PO landslide enabled an assessment of the landslide expansion, which resulted in a maximum length of up to approximately 1500 m. A complete investigation of the past and present deformational sequences of the area was performed to potentially plan further mitigation and prevention strategies to avoid possible reactivations.
Introduction
Landslides are one of the most important and widespread natural hazards affecting the Italian territory (Herrera et al. 2018) , partially due to climate change with serious effects on the environment and geomorphology (Crozier 2010) . This affirmation is supported by several data sets showing the events and people involved in landslide occurrences as well as the economic and social consequences and the damage to structures and infrastructure (Schuster and Highland 2001; Kjekstad and Highland 2009; Del Soldato et al. 2017) . The Italian Landslides Database includes up to 528.903 landslides in Italy, which is the European country with the highest density of landslides (the landslide area represents 7.3% of the territory) (Herrera et al. 2018) . Since the beginning of the twentieth century, more than 1400 landslides occurred at approximately 1200 different sites in Italy (Salvati et al. 2015) . This suggests that several mass movements are reactivations in previously affected areas. Landslide evolution in different environments plays a key role in investigating possible future urban development (e.g. Van Westen and Lulie Getahun 2003; Korup et al. 2010; Giordan et al. 2013) . Studies of landslide evolution that improve the knowledge of ground movements are essential to understand the mechanism of deformation (Casson et al. 2003) for landslide-prone territories to mitigate the associated risk and to prevent landslide occurrences or reactivations.
Remote sensing techniques such as persistent scatterer interferometry (PSI) data (e.g. Massonnet and Feigl 1998; Ferretti et al. 2001; Farina et al. 2006; Hooper et al. 2012 ) and change detection methodologies (e.g. White 1991; Ferretti et al. 2001; Lu et al. 2004; Dekker 2005; Farina et al. 2006 ) have been successfully exploited to detect and map slow-moving landslides at a local or regional scale to perform back-analysis to better define boundaries and ground rates of movements, as well as to identify the most critical landslideaffected sites over wide areas (Solari et al., 2018) . Although they are powerful instruments to investigate, map and monitor natural processes, satellite optical and radar images have been available for approximately the last 25 years. A breakthrough in the study of the evolution of natural processes was to use different techniques to investigate the longest possible period (e.g. by means of new tools to analyse historical aerial photographs), which enabled an analysis of approximately the last 70 years (e.g. Van Westen and Lulie Getahun 2003) . In the late 1970s, Ullman (1979) developed the structure from motion (SfM) technique that was only recently applied to geomorphological studies of the evolution of the Earth's surface, taking advantage of similar tenets from stereophotogrammetry (Snavely et al. 2008; Westoby et al. 2012; Eltner et al. 2016) . This approach enables the reconstruction of 3D models of various surfaces by overlapping several digital photos. Some common applications of SfM in the literature include 3D reconstruction of external façades of buildings and monuments (e.g. Snavely et al. 2008; Furukawa and Ponce 2010) , archaeological sites (e.g. Doneus et al. 2011; Verhoeven 2011; Verhoeven et al. 2012) , generation of digital elevation models (DEM) by means of Unmanned Aerial Vehicles (UAV) (e.g. Turner et al. 2012; Lucieer et al. 2013; James and Robson 2014) , change detection (e.g. Abellán et al. 2009 ) and rock mass characterization (Sturzenegger et al. 2011; Riquelme et al. 2014) .
The regions in southern Italy involved in the geologically recent Apennines mountain chain are highly susceptible to landslides (Cotecchia and Melidoro 1974) due to the complex geological setting, characterized by several different structurally convoluted lithologies (Esu 1977) . More than 4000 mass movements (Rosskopf and Aucelli 2007) and incipient erosional processes (Marchetti 2016) are known to affect the territory of the Molise region despite its limited area.
The aim of this work is an analysis of the evolution of the landslide that occurred in the Colle Lapponi-Piano Ovetta catchment (CL-PO), in the municipality of Agnone (Molise, southern Italy), by combining different remote sensing techniques, e.g. SfM and InSAR, and field surveys, i.e. geomorphological investigations and in situ data, i.e. GPS and inclinometer measurements. This process will be supported by historical literature information and geomorphological and topographical data in order to determine the geomorphological evolution over approximately one century of the CL-PO landslide-prone area. To achieve this goal, different data were collected, e.g. historical optical photographs, ancillary and field data, and radar satellite images and products. Several 3D reconstructions of the CL-PO landslide were produced and analysed by using sets of historical aerial photographs captured in 1945, 1954, 1981, 1986, 1991 and 2003 . Although historical aerial imagery has several limitations, e.g. a bi-dimensional vision of the territory in greyscale, they still play a fundamental role in the studies of environmental and landscape evolution (Carrara et al. 2003; Van Westen and Lulie Getahun 2003; Giordan et al. 2013) . By analysing all the available data, approximately one century of evolution for the CL-PO landslide-prone area, from the beginning of the twentieth century to 2015, was investigated.
Site description and available data
The municipality of Agnone is a Sannitic archaeology site located in the northern part of the Molise region (southern Italy), which has an area of approximately 96 km 2 , and the territory is strongly affected by both landslides and erosional processes, as the major part of the Molise region. The historical town of Agnone is located at approximately 800 m a.s.l., and it is bathed by Verrino creek. The climate of the region is moderate, with alternating cold temperatures with rain and snow thundershowers during autumn-winter and arid periods during spring-summer. The investigated mass movement is a deepseated large roto-translational slide resulting in earth flow in the lower portion, characterized by a complex movement (Calcaterra et al. 2008 ) affecting the western territory of the municipality in the catchment of the S. Nicola valley, tributary of the Verrino creek on the hydrographic right side.
Since the beginning of the twentieth century, the CL-PO catchment has been affected by the landslide. In March 1905, the bridge of the main access road to Agnone crossing the Verrino creek was damaged by a gravity phenomenon due to an intense rainfall period combined with snow-melting (Almagià 1910; Calcaterra et al. 2008) . Successively, the Agnone municipality has been affected by several small and large landslide phenomena reported in the national AVI Project (Guzzetti et al. 1994) , revealing more than 60 landslides in the territory between 1970 and 1998. Between January 23rd and 27th, 2003, an important remobilization involved a large area of the historically dormant CL-PO landslide, causing deformations over the whole basin and forcing the local authorities to adopt restrictive measures for 13 edifices occupied by 17 families located within and nearby the landslide. Furthermore, two country roads adjacent to the landslide remain closed due to the substantial damage caused by this event. The mass movement subsequently reactivated in 2004, 2005 and between 2006 and 2007, which induced the local administration to allocate resources for some urgent interventions to intercept superficial waters and drain a pond formed in the upper portion of the affected area, in addition to geomorphological reshaping work. Despite these strategies, the ground displacements increased, which caused the cracking and sliding of structures and of a road located uphill of the landslide. These damages were mapped and categorized by several damage classification approaches (Del Soldato et al. 2016a) .
The CL-PO territory is geologically characterized by the Mount Pizzi-Agnone and Colle Albero-Tufillo units outcropping with the two members of Agnone Flysch and a lower marly formation (Fig. 1a) . The members of the Agnone Flysch are catalogued as BStructurally Complex Formations^, geological materials characterized by large and scale-dependent heterogeneity in lithological and structural features that suffered complex compressional and extensional geological phases (Esu 1977) . The geotechnical parameters of these types of formations are influenced by heterogeneity as well as scaly fabric with the alternation of Bhard^(rock-like material) and Bweak^horizons (soil-like material) (Almagià 1910; Cotecchia and Melidoro 1974; Guida and Iaccarino 1991; Di Maio et al. 2010) .
The lower member of the Agnone Flysch formation presents alternations of marl limestones, marls and calcarenites, in addition to deposits of silico-clastic turbidites composed of thin intercalations of clayey sandstones, sandstones and arenites. The upper member of the Agnone Flysch is constituted by an alternation of marly, semi-coherent clayey and subordinate greyish sandy layers with low mechanical resistance, diffuse alteration traces and lithoid sandstones or calcareous intercalations with highly variable thicknesses. Inside both members, some olistoliths of older conglomeratic material are recognizable (Vezzani et al. 2004; Filocamo et al. 2015) . Furthermore, weathering effects caused discoloration, decomposition and weakening, forming a superficial regolith horizon featured by clays, silty clays and subordinate sand with diffuse alteration traces, abundant organic material and several clasts. A cross-section (A-A′) was traced along the CL-PO landslide area and is shown in Fig. 1b Furthermore, some inclinometers and piezometers were installed in the boreholes, but they recorded only for a short time due to the continued displacement that caused their failure.
Ancillary data (e.g. DEM and derived maps), information acquired by means of remote sensing techniques (i.e. historical optical aerial photos, radar satellite images and PSI), as well as direct investigations supported by instrumental monitoring, were used for the long-term investigation of the landslide. A DEM with a 5-m cell resolution was provided by the Molise region and useful information (e.g. aspect, which is a derived map showing the directional, with respect to the azimuth, exposures of the slopes of the area; and slope, which is a parameter indicating the inclination in degrees of the sides of the areas, with respect to the horizontal surface) was extrapolated by means of geographical tools in a geographical information system (GIS) environment to characterize the morphological parameters of the area and to better interpret the remote sensing data.
The landslide includes the territory from the Verrino creek at approximately 660 m a.s.l. up to 870 m a.s.l. and the morphology of the surrounding area strongly controlled by the slope parameters and the different local lithotypes. Where high topographical gradients are present, from 30°to 35°, the calcareous formations outcrop, while lower slope gradients, from 5°to 10°, correspond to areas characterized by clayey Flysch units. Significant erosional processes affect regions with slope angle values greater than 15-20°.
The oldest available data used in this work are the historical aerial photographs captured by the Italian Istituto Geografico Militare (IGM) from 1942 to 2003. Starting from 1942, the IGM made recurring flights covering almost the entire Italian territory shooting greyscale nadir pictures with partial overlap. The first set of historical aerial photographs shot on the CL-PO landslide area was captured in 1945. This was followed by five additional flights recording a series of photographs over the area of interest dating back to 1954, 1981, 1986, 1991 and 2003 (Table 1) .
Since 1992, the back investigation of the CL-PO landslide evolution is supported by information from SAR Interferometry (InSAR). ERS1/2 and ENVISAT data from 1992 to 2000 and from 2002 to 2010, respectively, are available through the PST-A (Piano Straordinario di Telerilevamento Ambientale) project and the Web Map Service (WMS) of the Italian Ministry for the Environment, Land and Sea. Furthermore, to cover the period of 2012-2015, 88 images acquired by COSMO-SkyMed constellations of the Italian Space Agency (ASI -Agenzia Spaziale Itliana) were collected in the framework of a specific project ( Table 2 ) that allowed us to extend the investigated period. The ERS1/2 and ENVISAT data deriving from the Portale Cartografico Nazionale were elaborated by the PSInSAR technique (Persistent Scatterers Interferometry SAR) developed by TRE-ALTAMIRA (Ferretti et al. 2000 (Ferretti et al. , 2001 . The COSMO- SkyMed images were processed by the Coherence Pixel Technique (CPT) developed by the Remote Sensing Laboratory (RSLab) of the Universitat Politècnica de Catalunya, Spain (Mora et al. 2003; Blanco-Sanchez et al. 2008; Iglesias et al. 2015) .
As the mobilized material and the widespread vegetation cover caused a low backscatter radar signal from the landslide body, in 2010, eight corner reflectors (CRs) were installed in the mass movement to enhance the signals reflected in the direction of the radar. The collected data were used to increase the knowledge about the displacement affecting the internal portion of the landslide (yellow triangles in Fig. 2 ). Although the corner reflectors were correctly positioned (four visible by the ascending orbit and four by the descending orbit), the high velocity of displacement affecting the area, some man-operated motions carried out by the land owners, damage or vegetation recovery made them invisible to the satellite analysing the entire dataset of CSK images. The corner reflectors were also used as benchmarks for differential GPS measurements during the campaigns developed since 2010. In addition, GPS measurements were collected for some benchmarks (green circles in Fig. 2 ) to investigate the displacements of the ground surface and increase the spatial point density throughout the entire landslide.
During the survey campaigns in 2006, five inclinometers were installed (orange circles in Fig. 2 ). Four of them were placed in the existing boreholes used for geotechnical investigations, while another one was placed out of the mobilized area to validate the displacement recorded by remote sensing techniques and to monitor the kinematic evolution of the landslide after the main reactivation. Relevant movements recorded along a sliding surface caused the failure of one of the inclinometers (S2), which was successively substituted (S5). Additionally, the inclinometer 2D measurements identified the depth of the rupture surface of the landslide and were used to control the efficiency of the adopted mitigation measures.
Methodology
The assessment of the landslide evolution has been provided by a historical investigation of the literature and analyses conducted with traditional instruments, i.e. inclinometers and GPS campaigns, field surveys and remote sensing techniques. Six sets of historical aerial photographs were interpreted by means of 3D reconstruction of the landslide area obtained via the SfM technique (Ullman 1979) (Fig. 3 ). Hence, a qualitative comparison between historic and recent available data sets was possible. This analysis shows that several factors, such as the geometrical distortion of the photographs, the ortho-rectification stage and the physical condition of the aerial photos are to be considered in the interpretation.
Furthermore, GPS measurement campaigns, inclinometers and remote sensing techniques were applied to monitor the evolution of the CL-PO landslide since the main reactivation in January 2003 until 2015.
3D reconstruction of historical aerial photographs
The use of historical imagery allowed the recreation of a 3D image by means of a stereoscopic sight to detect, map and monitor unique geomorphological shapes across several decades (Hapke 2005) . In this work, the SfM technique for digital photographs and algorithms optimized for the graphic processing unit (GPU) (Lucieer et al. 2013) , implemented in the Agisoft Photoscan Professional edition software (Agisoft 2016) , was applied to the historical aerial image analysis (Del Soldato et al., 2016b) after adapting some parameters. This software works with sets of digital photographs captured at the same time and partially overlapped (at least 60%, Agisoft 2016) covering the area of interest. By means of a redundant iterative bundle adjustment procedure, the SfM approach extracts information to solve the geometry of the scene, the camera parameters and the orientation for each set of photographs (Snavely et al. 2008) , dramatically reducing the number of unknowns during the alignment procedure. The 3D Points Cloud (3DPC) represents the geometry/ structure of the scene that is generated by applying the SfM approach to the overlapped area between at least two images (Hartley and Zisserman 2003; Szeliski 2010; Fisher et al. 2013 ) in local coordinates. The input of several Ground Control Points (GCPs; points with known object-space coordinates in a system chosen by the operator) and Tie Points (points without coordinates; useful to better correlate the photographs and limit the distortion between them) allows georeferencing the 3DPC to a specific coordinate system. At the end, the obtained 3D reconstructions for all the available sets of photographs were extracted and imported in the environmental GIS with the collected ancillary data and the calculated data for the CL-PO landslide. Hence, a better investigation of the interpretations of the area affected by the landslide through time could be conducted.
The analysis of the six available sets of photographs covering the CL-PO landslide-prone area can be subdivided into three main stages: (i) data preparation; (ii) data processing and 3D reconstruction; and (iii) extraction of the products and results. The application of the SfM approach on historical aerial photographs requires an adaption to the traditional workflow (Gomez et al. 2015; Ishiguro et al. 2016) . The precision of the 3D reconstruction depends on several factors such as the grade of conservation of the photos, based on the scratches or markings on them, the scan resolution and the distortion introduced during this process, the overlap between adjacent photos and the identification, in addition to the input of GCPs and Tie Points.
Historical aerial photos used in this work were captured with non-digital cameras. Therefore, they were available in printed format and were scanned for the 3D reconstruction by the software. The information of the flight and the camera used for the acquisition of the photographs are reported in a black border around the pictures. During the preparation of the photographs for the software, these borders have to be carefully removed since they do not contain useful information for the 3D reconstructions. It is important to maintain the centre of the images and the number of pixels when cropping the images. This allows the SfM software to recognize the set of photographs as captured by the same camera to apply the same camera calibration. Once the photographs were prepared, the cameras were aligned, and a sparse point cloud was generated. Subsequently, GCPs were inserted around the landslide to georeference the 3DPC and to correct non-linear deformations (Fig. 4a, c) on the mesh.
The input of GCPs is a very delicate task that has to be conducted with high accuracy by identifying some stable points from the oldest photographs to the newest ones, to obtain the greatest possible precision. For each inserted GCP, the errors in metres are presented (Fig. 4c, d ). Since the coordinates of the GCPs were extracted from a DEM with a 5-m cell resolution, even if the GCPs were added to historical aerial photographs scanned at a higher resolution, i.e. 600 dpi, the maximum resolution that could be attained was 5 m. The smaller values of precision resulting from the alignment and georeferencing process indicate that the algorithm optimized the results.
For each scenario, the number of inserted GCPs depends on the georeferencing precision; the aim was to reach a maximum total error of 5 m. In Table 3 , the statistics of the errors derived from each set of photographs used for the 3D reconstructions are reported.
The last step enables the creation of the mesh to reproduce a georeferenced DEM and the orthomosaic images by means of dedicated tools in the PhotoScan Pro software. All the realized products, i.e. 3DPC, the mesh of the georeferenced DEM and the orthomosaic can be extracted in several ways in order to be used by other scientific software for the interpretation.
The 3DPCs are mounted in the Cloud Compare software to better investigate and compare the resulting products by zooming and rotating them in a 3D view. In addition, the colour of each point reproduces the value, in RGB, of the source historical photographs. This allows better identification and localization of scarps, counterslopes and ground tension cracks by means of both visual investigation and recognizable geomorphological changes. The realized meshes and DEMs for all the sets of historical aerial photographs were added in a GIS environment to combine them with both sets of ancillary data. Hence, a better interpretation of the ground displacements of the catchment can be conducted in order to define a boundary around the area involved in the landslide.
DInSAR technique
The analysed data were acquired by ERS1/2, ENVISAT and COSMO-SkyMed constellations from 1992 to 2015. ERS1/2 and ENVISAT data were processed by the PSP (Costantini et al. 2008) and PSInSAR technique developed by TRE-ALTAMIRA (Ferretti et al. 2000 (Ferretti et al. , 2001 . COSMO-SkyMed images were processed by the SUBSOFT processor using the CPT algorithm developed by the Remote Sensing Laboratory (RSLab) of the Universitat Politècnica de Catalunya (Mora et al. 2003; Blanco-Sanchez et al. 2008 ). The derived PS (Persistent Scatterer) data were classified using a colour scale indicated by hot colour displacement moving away from the sensor and cold colour data moving towards the satellite. The stability range (± 1.5 mm/year) is coloured in green, based on the standard deviation of the processed product.
Several studies demonstrated that the in-depth analysis of PS time series located at relevant sites can assist with the understanding of the dynamic and temporal evolution of ground motions for a slope (Meisina et al. 2008; Cigna et al. 2011; Confuorto et al. 2017) . Notti et al. (2015) proposed a three-step procedure that does not interfere with InSAR processing to exploit the information derived from time series: (a) Pre-Processing evaluating the SAR Dataset Quality Index (SDQI); (b) Post-Processing, improving the quality of the previously processed time series data applying an empirical/stochastic method to remove single data anomalies as well as noise and regional trends; and c) detection and correction of possible phase unwrapping errors. The time series from the area of interest were subjected to a time series improvement in the Post-Processing phase (Notti et al. 2015) to remove anomalies from the regional trend. This type of effect or anomaly, not related to natural processes affecting the ground surfaces, can be easily detected since the entire dataset is affected. To identify the regional noise, data with high coherence (e.g. higher than 0.9) and an average LOS velocity between − 0.5 mm/ year and + 0.5 mm/year were selected and averaged. The average regional trend has to be subtracted from the original trend, providing a time series corrected for diffuse noise or trends. The data recorded on the landslide-prone area were analysed investigating the velocity of displacement along the LOS and reprojected along the slope (Notti et al. 2014) . The combination of the acquired velocities by both ascending and descending orbits can decompose the detected motion along the LOS into horizontal and vertical components (Manzo et al. 2006; Notti et al. 2014) . The component conversion is made by formulas that take into consideration the LOS directional cosines for the ascending and descending passes.
Field surveys
After the main event in January 2003, several field surveys were performed by means of direct investigations and instrumental monitoring. The geology of the landslide-prone area was investigated by a field campaign and took advantage of several boreholes equipped by inclinometers.
Starting in 2010, several differential GPS measurement campaigns were conducted to monitor the remedial maintenance to intercept and drain surface waters by means of benchmarks and corner reflectors, which are currently partially lost and useless due to the continued displacement, vegetation and human activities. All campaigns were based on three stable points located outside the landslide.
Furthermore, two recent campaigns were conducted to highlight the geomorphological features to identify possible further changes. In 2014 and 2015, several scarps and counterslopes were detected and mapped.
Results

3D reconstruction of historical aerial photographs
The application of the SfM technique on sets of historical aerial photographs was useful to partially fill the temporal gap between the beginning of the twentieth century and the main reactivation in 2003, with no information on the geomorphological evolution of the landslide. The procedure, with dedicated settings for historical photos, was applied to each scenario to extract the respective 3DPC and models. The results were individually analysed zooming and rotating the 3D model to better detect and map the contour of the landslide with respect to the classical stereoscopy by means of the Cloud Compare software. In addition, the resulting 3D reconstruction was integrated in the environmental GIS in order to obtain a better interpretation combined with the available ancillary data, e.g., Aspect and Slope. The first set of photographs refer to 1945 (Fig. 5a) , in which an area affected by the landslide was visually recognized at the right flank of the basin damaging the access road to Piano Ovetta. It is difficult to confirm if the phenomenon was an activation or reactivation of an existing old mass movement because previous maps are not available. The contour map based on the analysis of the 3D reconstruction contains a visible area of approximately 0.86 km 2 that features displaced material with an average length and width of approximately 900 and 100 m, respectively.
The subsequent analysis included the set of photos from 1954 ( Fig. 5b) , in which no additional differences were recognized with respect to the previous set from 1945. In fact, the dimensions of the landslide are comparable to those of the previous reconstruction, and only small changes in the length, up to 1 km, are recognizable.
The flight conducted by the IGM over this territory was repeated in 1981 acquiring five additional photographs. After 25 years, the results are comparable to the previous analysis, with some small differences recognizable only on one side of the main body (Fig. 5c) . Some lateral sliding, probably due to water erosion operating on the toe, is distinguishable. In fact, the length of the landslide is similar to that from the previous years. However, the width of the landslides increased due to some lateral slides that enlarged the area involved. An analogous boundary, with less evidence of lateral sliding, can be mapped on the 3D reconstruction of the CL-PO landslide-prone area in the 1986 reconstruction ( Fig. 5d) .
In the reconstruction of 1991 (Fig. 5e) , remedial work conducted between 1986 and 1991 is recognizable (Fig. 6a) . These man-made activities are visible as perpendicular white strips across the river along the width of the landslide (into Verrino creek). They consisted of concrete weirs built to avoid the continuous enlargement of the landslide due to span erosion and to control the amount of mobilized material run off. Currently, they are not visible inside the landslide due to the remobilization of material during the 2003 reactivation, but some of them were recognizable in the widespread vegetation close to Verrino creek (Fig. 6b) .
The 3D reconstruction made from the 2003 imagery shows the involvement of the left flank of the basin (Fig. 5f ). Between January 23rd and 27th, an unusual increase in pore pressures caused by an intense rainfall of more than 200 mm in 72 h (Fig. 7a) occurred, triggering the complex deep-seated mass movement (Calcaterra et al. 2008 ) consisting of the reactivation of an old dormant landslide. The upper member of the Agnone Flysch was involved in a large roto-translational slide resulting in earth flow (Cruden and Varnes 1996) , including an area of approximately 1.21 km 2 that was up to 1 km in length and had an average width of 200 m, which completely altered the local hydrographic network (Fig. 7b) .
DInSAR technique results
The ERS1/2 PS data are very sparse for the period of 1992-2000 due to the spread of vegetation and the low presence of outcrops and structures (Fig. 8a) . They are mainly localized on buildings and structures in the surrounding area of the landslide. The main movement is recognizable on the left flank ( Fig. 8b) and on the structure of the current crown.
In The ENVISAT PS data (2003 -2010 are concentrated on the structure located on the crown. The ascending PS data show average velocities between − 3.0 and − 4.9 mm/year with a peak of − 7.0 mm/year, while the descending data are close to the stability range (Fig. 9a) . The time series of the ENVISAT data, mainly in descending geometry, are noisy, but the trends of both orbits confirm continuous displacement (green line in Fig. 9b) .
Furthermore, from 2012 to 2015, the COSMO-SkyMed data show displacement, although slow, demonstrating that the landslide movement is still active. The ascending PS data show a relatively constant velocity on buildings located in the current crown of the landslide, exhibiting important displacements with a peak of − 11.6 mm/year. In descending geometry, despite very noisy data, the movement is confirmed with recorded velocities of + 7 mm/ year moving toward the sensors (Fig. 10a) . As shown in this figure, the location of several scarps corresponds to the buildings, thus confirming the retrogressive trend of the landslide. Moreover, these results have also been observed by the damage recorded on the buildings. Figure 10b shows a time series of the ascending PS data for construction on the crown of the landslide. It is interesting to note that the building located on the left flank of the boundary shows a displacement moving away from the crown (yellow circle in Fig. 10a ). This is probably due to the fact that this sector is affected by a different mass movement, which induces displacements in the North-West direction.
Field campaigns and in situ results
After the main reactivation, several in situ measurements and field campaigns were performed to monitor the evolution of the landslide. From 2006 to 2007, eight inclinometer measurements, in addition to the Bzero reading^, were conducted showing important displacements at different depths, after which almost all the inclinometer casing tubes were broken (Fig. 11a) . In the upper part of the landslide body, the inclinometer BS4^exhibits an important displacement with a sliding surface at approximately 25 m under the ground surface (Fig. 11b) . The graph of the inclinometer BS5^reveals that the instrumentation was not locked on a stable bedrock, indicating only that the sliding surface is deeper than 25 m from the ground level (Fig. 11c) . Using the in situ measurements, it was possible to trace the sliding surface (Fig. 11d) considering that the CL-PO landslide involves the upper members of the Agnone Flysch, dated as Lower Messinian (Vezzani et al. 2004) .
The enlargement of the territory involved in the landslide by continued displacement is visually recognizable through optical photographs shot from the same point of view (Fig. 12a-c) .
The enlargement of the landside area for the period of the GPS in situ measurement (2010) (2011) (2012) (2013) (2014) (2015) (2016) , combined with optical photographs Fig. 13a . During the campaign conducted in November 2015 and July 2016, not all benchmarks were found because some of them were destroyed for building the drains or lost because of the continuous displacement affecting the slope. By means of the field surveys, it was possible to design a geomorphological map of the area influenced by the landslide and its surroundings by conducting several geomorphological field campaigns (Fig. 13a) where several old and recent scarp and counterslope shapes were noted.
In addition to the geomorphological shales, the area influenced by the landslide is currently covered by vegetation (Fig. 13b, c) , suggesting a reduction in the movement over the last few years due to the remedial work.
Discussion
The multitechnique integration for multitemporal investigations enabled the analysis of one century of complex CL-PO mass movements. First, data were found in the literature from the beginning of the twentieth century. Then, focus returned in 2003 when an important reactivation occurred. To investigate the evolution of landslide and erosional processes in the area, historical aerial photographs and InSAR techniques were utilized.
Historical photographs have already been applied to the DEM reconstruction using the SfM technique (Dewitte et al. 2008; Ishiguro et al. 2016 ) along with stereophotogrammetry. This data along with SfM-MVS has been applied for the diachronic reconstruction of geomorphological landscape evolution (Gomez et al. 2015) , active volcanic areas (Gomez 2014; Ishiguro et al. 2016 ), glaciological monitoring (Kjeldsen et al. 2015 Midgley and Tonkin 2017) and erosion in river changes (Tonkin et al. 2016) . Recently, different multitemporal landslide mapping and monitoring by means of the SfM approach was made, using the multi-sensor drone to capture the scene with RGB aerial images in high-resolution (e.g. Marek et al. 2015; Peternel et al. 2017; Rossi et al. 2018) . For analysing the evolution of landslides, historical aerial images were already used, but without adopting the SfM approach (e.g. Casson et al. 2003; Guerriero et al. 2013) . In this work, several previous applied approaches were merged to investigate as longest period as possible of the CL-PO This paper presents the multitemporal analysis applied to six sets of historical photographs from 1945 to 2003, which enabled the recognition of the geomorphological evolution of the CL-PO landslide over approximately 60 years. The SfM technique, adapting the standard digital method to non-digital historical aerial photographs, enabled the reconstruction of precise digital models to analyse the environmental evolution of the area of interest.
Although difficulties arose during the processing due to the age and the state of preservation of the printed and scanned photos, along with their resolution, 3D reconstructions were developed for each set of photographs. Furthermore, stable points recognizable in every scenario for good georeferencing were difficult to find due to the resolution of the photographs. The main differences between the 3D model from 1954 to 2003 were identified in the medium and upper portion of the mass movement where the morphology was strongly affected by the complex landslide that even now results in a continuously slow evolution. Less relevant modifications with enlargements were also recognized on the lateral sides and the toe of the landslide, probably due to the lateral sliding and material transported by the tributary of the Verrino Creek.
Since 1992, ERS, ENVISAT and COSMO-SkyMed PS data record displacements with high precision where reflectors, i.e. outcrops or infrastructure, were combined with optical photos allowing us to see important changes, including the vegetated areas. Three matters have to be addressed: (a) the PS uphill with respect to the crown of the landslide show, even if with small values, velocities indicating movement in this portion of the basin; (b) COSMO-SkyMed data show continued slow displacement, suggesting that the adopted measurements after the main reactivation were not sufficient to completely stop the advancement of the mass movement; (c) the COSMO-SkyMed PS data recorded on two buildings that were strongly damaged located on the left flank of the landslide show a displacement moving through the sensor, while in the ERS 1/2 and ENVISAT monitoring period, they exhibited movements away from the satellites. The change in movement direction can be ascribed to the involvement of this portion of the landslide by a mass movement affecting the closest basin, which is increasing in dimension. Some opening fractures recognizable between two portions of the building support this hypothesis. It confirms the relevant impacts of landslide and erosional processes affecting the whole territory of the Agnone municipality and the Molise region.
To validate the remote sensing data interpretation, combined with the inclinometers and GPS measurement campaigns, several field and geomorphological surveys were recorded in the landslide area. Field campaigns were conducted to investigate the geology of the landslide, to validate the velocity of displacement, and to identify the depth of the sliding surface. Recent optical photographs show gibbous shapes, as well as direct and indirect field measurements conducted specifically to identify the geomorphological evidence, confirming the continued displacement and topographical evolution of the upper part of the landslide and the area uphill from the crown. Continued displacements and reactivations of a portion or of the total landslide suggested that the designed countermeasures, i.e. drainages and reshaping, are inadequate to stop the displacement. The countermeasures helped to reduce the velocity of displacement and to stabilize and increase drainage in the middle-lower region of the landslide but not to stabilize the entire region involved in the 2003 reactivation.
The continue displacement of the landslide is confirmed also by the couple of CR and benchmarks placed out of the boundary of the mass movement. They exhibit a steady displacement due to the continuous enlargement of the influenced area and suggest, according to the analysis of the direct and indirect measurements that the geomorphological evolution of the area could continue in the future. The past development of the landslide, the continuous recorded displacement by PS data and the identified geomorphological shapes recognized in the uphill area with respect to the body of the landslide are relevant indicators. Furthermore, the recognized cracks in the asphalt and weak damage on infrastructure made to stabilize the upper region of the right flank, e.g. some gabions, support the hypothesis that the area could be susceptible to another reactivation.
The application of the SfM on historical aerial images, in addition to the combination of multisource data, can strongly improve the knowledge on the landslide-prone areas and of the possible consequences in case of landslide occurrence, being very useful for avoiding further recurrences.
Conclusions
One century of the complex CL-PO mass movement was investigated by integrating highly heterogeneous multisource data, e.g. literature data, historical aerial photographs and InSAR products.
A literature analysis was conducted to collect information about the landslide occurring at the beginning of the twentieth century. Subsequently, six sets of historical aerial photographs from 1945 to 2003 were analysed by means of the SfM approach in order to extract the geomorphological evolution of the landslide-prone area by developing a 3D model of each scenario. The combination and analysis of the 3D reconstructions enable the recognition of the oldest landslide affecting the right side of the catchment, the evolution over time and the subsequent event that occurred in 2003 involving the left side. In 1945, a landslide on the right flank of the basin had already occurred. From 1945 to 1991, no important landslide evolution was identified, except small lateral sliding with material tumbling at the foot of the landslide body. The benefits of the adopted measurement for the right flank, recognizable by the 3D reconstructions between 1986 and 1991, e.g. gabions and weirs in the river, were confirmed in 2003 when a reactivation landslide involved an extended area on the left flank of the basin, which damaged several buildings and infrastructure. Then, from 1992 to 2015, PS data of ERS and ENVISAT, C-band satellite, and COSMO-SkyMed, X-band constellation, were investigated to monitor the recent evolution. ERS data exhibit a few stable PS close to the right boundary of the landslide, showing velocities of approximately − 3.5 mm/year along the LOS of the satellite on structures at the left flank. The ENVISAT data show important velocity measurements, even if they are noisy, on the buildings at the upstream portion of the basin, confirmed by COSMO-SkyMed data showing continued slow displacement. All the information recorded by the remote sensing technique were integrated with field investigations and ancillary data derived from geotechnical and geomorphological surveys, GPS campaigns, and inclinometer and pluviometer measurements. The analysis of the last few decades identified the portion of the landslide mainly affected by displacement and enabled the monitoring of effects from the remedial work after the main reactivation in 2003. The recent data demonstrated that the movements were drastically reduced, if not completely halted.
The study area has drawn the attention of the scientific community due to the 2003 reactivation that damaged buildings and infrastructure, with possible social and economic consequences. The extent of the damage forced the local administrator to propose restrictive measurements for some edifices. In this work, a complete investigation of the past and present deformational scenarios allowed the planning of potential additional mitigation and prevention strategies to avoid further possible reactivations. In the future, the continued analysis by InSAR techniques, e.g. high-resolution COSMO-SkyMed images and field measurements, could be useful to monitor the evolution of the landslide that could involve other structures and infrastructure located upstream.
DIFSAR data from the Extraordinary Plan of Environmental Remote Sensing (EPRS-E) were made available through the Portale Cartografico Nazionale of the Italian Ministry of Environment, Territory and Sea (MATTM) due to a specific agreement. The authors would like to thank the editor and the three anonymous reviewers for their valuable comments and suggestions to improve the quality of the paper.
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